The effects of Ti interlayer on the formation of Ni silicides on Si͑100͒ substrate was investigated. The phase and microstructure of Ni silicides during isochronal annealing treatment are monitored in situ by curvature measurement and characterized ex situ by other measurements. The addition of a thin Ti layer which formed an amorphous layer with the Si substrate acted as a diffusion barrier for the Ni atom in the early phase transformation process. The transformation temperature for the NiSi is significantly increased in an isochronal annealing process. When the NiSi phase is formed, the Ti-related layer moves to the surface of the silicide film. The temperature for the transformation of NiSi to NiSi 2 is relatively irrelevant to the presence of the Ti interlayer. A preferential orientation of ͑200͒ and ͑002͒ was found in the NiSi phase formed via the Ti interlayer, which significantly improved the epitaxial quality of NiSi 2 on Si͑100͒ substrate with a stepwise interface bounded by ͑111͒ and ͑100͒ planes. The top continuous Ti-related layer causes the incomplete accommodation of the thermal stress for the system. Upon disintegration of the Ti-related layer, the thermal stress of the system could be completely accommodated by relaxation of the NiSi layer.
Metal silicides have been widely used in ultralarge scale integrated ͑ULSI͒ circuits to reduce the contact resistance of source/ drain in complementary metal-oxide-semiconductor ͑CMOS͒ devicess. Currently, the most commonly used silicides are TiSi 2 and CoSi 2 . For TiSi 2 , the transformation from the high-resistivity C49-TiSi 2 phase to the low-resistivity C54-TiSi 2 phase is nucleation limited, [1] [2] [3] causing linewidth dependence of the sheet resistance for gate lines narrower than submicrometer dimension. Therefore, CoSi 2 and NiSi have emerged as the most promising candidates to replace C54-TiSi 2 in self-aligned silicide ͑salicide͒ technology. However, as the lateral dimension continues to shrink, the junction depth of the device also decreases. The requirement of the shallow junction makes the silicon consumption by the silicidation process an important issue. For 0.1 m technology, even CoSi 2 is not a satisfactory material. Hence, NiSi is being investigated as a candidate for future device technologies because the same sheet resistance can be obtained with less Si consumption compared to CoSi 2 . 4 NiSi is not the final stable phase for the Ni/Si reaction system. Once the processing temperature goes higher than 800°C, NiSi transforms into NiSi 2 phase. Realization of the ULSI application for NiSi demands that the thermal stability of the phase be extended as much as possible. [4] [5] [6] [7] Recently, great efforts have been made to study the thermal stability of NiSi, reportedly being improved by use of a thin Pt, [8] [9] [10] [11] [12] Pd, [13] [14] [15] Ir, 16 and Co 16 interlayer between the Ni film and Si substrate. The sheet resistance of the reaction system remains at the same low level in a wide temperature range. In general, the exploration of different interlayers on a reaction system remains interesting scientifically whether the NiSi phase is stabilized or not. The reaction system involving Ti and Ni metal films on Si has been investigated in the form of either bilayer 17 or Ti capping layer. 18 The relation between the thermal stability and the addition of elements has also been explained. 19 In this study, the effects of Ti interlayer with different thickness ratios to the Ni film were studied. The stability and microstructure of the Ni/Si reaction are presented. The in situ curvature measurement was used to monitor the reaction process under isochronally annealing condition. The method reveals the active temperatures for different phase transformations or structure changes similar to differential scanning calorimetry ͑DSC͒.
Experimental
The substrates were p-type Si͑100͒ wafers. Following a standard RCA cleaning process, the samples were prepared by sputtering in a PRIMUS 2500TM system. The base pressure of the system is 5 ϫ 10 Ϫ9 Torr. Titanium interlayers, 3-10 nm thick, were first deposited onto silicon substrate followed by the deposition of a 30 nm thick nickel film at room temperature. After deposition, the sample was cut into rectangular pieces and thinned from the back side using a procedure developed and tested in previous experiments for curvature measurement. 15, 20 Then the samples were isochronally annealed at a ramp rate of 5°C/min in a vacuum furnace with a base pressure of 2 ϫ 10 Ϫ6 Torr. The total force per unit width ͑F/W͒ in the film during isochronal annealing was measured in situ using a laser scanning technique for substrate curvature measurement. 15, [20] [21] [22] [23] [24] During a reaction the thickness of the film keeps changing, which makes F/W instead of stress a better way to describe the process. The F/W in the film could be calculated from the measured curvature change using Stoney's equation. 25 We use the convention of ⌬F/W Ͼ 0 ͑i.e., sample curving inward͒ to represent the stress of a film becoming more tensile, and vice versa.
The curvature measurement is used as a method to identify specific interesting points in a reaction sequence for further investigation. Auger electron spectroscopy ͑AES͒ was used to examine the depth profiles of different elements. Transmission electron microscopy ͑TEM͒ and X-ray diffraction ͑XRD͒ measurements using Cu K␣ radiation were used to study the formation and microstructure of the silicide. To avoid a strong Si͑200͒ double diffraction peak, the sample is intentionally tilted 0.2°. For a polycrystalline film, the sample offset has limited effect on the diffraction intensity. Sheet resistance measurement was also performed using a standard fourpoint probe to facilitate the phase identification process.
Results and Discussion
The in situ curvature measurements for a Ni ͑30 nm͒/Si sample and a Ni ͑30 nm͒/Ti ͑3 nm͒/Si sample during isochronal annealing are shown in Fig. 1 . The curve for the Ni ͑30 nm͒/Si sample is shifted 180 N/m. The features in F/W for the sample without the Ti layer were studied and the relation between the phase changes and features of the curve is marked in the figure. 20 For the simple Ni ͑30 nm͒/Si system, the appearance of the Ni 2 Si phase is accompanied by rapid changes of F/W in the film in the compressive direction. The largest compressive F/W is typically observed at the end of Ni 2 Si formation stage. 26 As temperature increases, the combination of the relaxation of Ni 2 Si phase and the formation of NiSi quickly reduces the compressive F/W. After the entire film became NiSi, the F/W in the film eventually levels out. The phenomenon indicates that within the temperature range of 450-750°C, the thermal stress due to different thermal expansion coefficients between NiSi and Si can be completely accommodated by the stress relaxation mechanisms. At 780°C, the transformation of NiSi to NiSi 2 begins and the process induces another compressive change in F/W. For the curve obtained z E-mail: cjtsai@mse.nthu.edu.tw from the sample with the 3 nm thick Ti interlayer, several differences in the curve were observed. First, the F/W changes significantly in the tensile direction ͑at the temperature range of 320-400°C͒ before changing rapidly in the compressive direction. At temperatures ranging 450-650°C, the curve of F/W no longer stays flat as temperature increases. At even higher temperature, the characteristics of rapid stress relaxation of NiSi phase reappeared. To further correlate the features of the curve to the film phases and structures, different samples were isochronally annealed to different targeted temperatures and cooled immediately for X-ray, AES, sheet resistance, and TEM measurements. The targeted temperatures, selected according to the turning points and the midpoints between nearby turning points in the curve of F/W, are 227, 321, 359, 396, 408, 417, 427, 469, 600, 700, 794, 825, 875, and 900°C. For the Ni ͑30 nm͒/Ti ͑3 nm͒/Si reaction system, the results of the XRD measurements at different targeted temperatures are selectively shown in Fig. 2 . Before 396°C, nickel was the only phase detectable in the film. At 408°C, nickel, Ni 2 Si, and NiSi phases were observed. The delayed appearance of Ni 2 Si and NiSi indicated that the Ti-related layer acted as a diffusion barrier. At 417°C, which is the steep valley, only NiSi phase is detected. In the temperature range of 408-417°C, the Ni atoms quickly diffuse through the barrier and a large amount of silicide in the form of Ni 2 Si formed, and the Ni 2 Si is quickly transformed into NiSi in this temperature range. The phase formation process induces a rapid compressive change of F/W in the film. For a temperature range between 417 and 700°C, NiSi is the only phase detectable. At 700°C, a small amount of C-49 TiSi 2 was observed. At 794°C, the transformation of NiSi to NiSi 2 begins. At 825°C, a very weak C-54 TiSi 2 diffraction peak appeared. For temperatures higher than 825°C, the X-ray measurement shows no diffraction peaks. By avoiding the Si͑200͒ double-diffraction peak, the diffraction peak of a well epitaxial NiSi 2 (100) on the Si͑100͒ substrate is also eliminated. The epitaxial NiSi 2 is shown later in this article using TEM. The results of the X-ray measurements were further confirmed by the sheet resistance measurement. The relation between the curve of F/W and the nickel silicide phases is marked Fig. 1 as well .
By identifying the relation between the phases and the curve, both the significant change of F/W in the tensile direction at the temperature range of 320-400°C and the nonflat nature of the curve at temperatures of 450-650°C were not explained or related. Therefore, TEM was used to further check the microstructure of the film and the results are shown in Fig. 3 . It is known that deposition of the metal layer, including Ti, on Si substrate could form a metal-Si amorphous layer even at room temperature and the amorphous layer could grow thicker. 27, 28 Figure 3a is the TEM result of a sample ramped to 359°C. The temperature corresponds to the midway of the tensile changes in the curve of F/W. One could observe a Ti-related layer between the Ni film and the Si substrate. The Ti-related layer contains Ti, Si, and Ni elements and could transform into other phases at even higher temperature. There are regions of triangular shape in Si substrate which have higher Ni concentration as indicated by the energy-dispersive angular X-ray ͑EDAX͒. The diffused contrast is due to differences in the Ni concentration at different regions. The observation also indicated that at this temperature Ni atoms could diffuse much faster in Si substrate than Si atoms could do in Ni film. Therefore, the silicidation process is controlled by the diffusion of Ni through the Ti-Ni-Si layer to the Si substrate. Nickel is also the diffusion species for the simple Ni/Si reaction system upon the formation of Ni 2 Si and NiSi. 1 Although Ni diffusion is evident from the TEM data and Si has limited solubility for Ni at low temperature, no new phases were identifiable. The atomic arrangement of the triangular region needs further exploration. As the temperature continues to increase, one could observe more and larger triangular zone forming and overlapping. Referring to the curvature changes, the temperature range for the development of the triangular zone coincides with the rapid tensile changes of the F/W before the Ni 2 Si and NiSi formation. The appearance of the Ni 2 Si and NiSi is accompanied by rapid compressive changes of F/W. Typically, compressive changes of F/W are associated with silicide formations. Because, the transformation occurs at either metal/ silicide or silicide/Si interfaces and the diffusion species is primarily supplied from the direction normal to the film which is free to shrink or expand, the transformation involves local volume increase and induces compressive changes. 13, 14, 26, 29 Apparently the development of the triangular zone involves local volume contraction. A small amount of Ni 2 Si was identified at the interface between the Ti-Ni-Si layer and Ni-containing Si substrate for the TEM result of the 396°C treated sample. At 417°C, the TEM result showed that the Ni completely diffused through the layer with some residual Ni 2 Si. At 427°C, the film has two layers, one being the Ti-related layer at the surface and the other NiSi. For the sample ramped to 700°C, the top Ti-related layer is still in the form of a continuous film and XRD result shows C-49 TiSi 2 , as shown in Fig. 3b . The appearance of C-49 TiSi 2 from a Ti-related layer may occur even earlier. At even higher temperature ͑794°C͒, the continuous Ti-related layer transformed into C-54 TiSi 2 and the layer is no longer continuous as judged from TEM and AES measurement. At the same time, the curvature gradually became flat with respect to the temperature ramping again. The correlation indicates that a continuous Ti-related layer has small but visible effect on the incomplete accommodation of the thermal stress of the system. In Fig. 3c , the epitaxial NiSi 2 film is formed for samples ramped to 825°C. The top portion of the film was milled out. Therefore, the film appears to be thinner. The micrograph shows epitaxial NiSi 2 and Si interface. The interface between NiSi 2 and Si has steps gradually developed. At even higher temperature, the interface between NiSi 2 and Si is basically composed of ͑111͒ and ͑100͒ plane as shown in the high-resolution TEM micrograph in Fig. 4 . The improved epitaxial quality between NiSi 2 (100) and Si͑100͒ could be attributed to the fact that the presence of the Ti interlayer promoted the ͑200͒ and ͑002͒ preferred orientation of the NiSi phase on Si. The XRD measurements for a Ni ͑30 nm͒/Si sample and a Ni ͑30 nm͒/Ti ͑3 nm͒/Si ramped to 794°C are shown in Fig. 5 . It is clearly seen that the sample without Ti interlayer has diffraction peaks in a lot of orientations but relatively weak diffraction intensity in the NiSi͑002͒ and ͑200͒, while the sample with the Ti interlayer has relatively strong diffraction intensity in NiSi͑002͒ and ͑200͒. Similar observations had been found in our experiments for systems with W and Ta interlayers. The preferred orientation of the NiSi͑002͒ and ͑200͒ film and the improved epitaxial quality for the final NiSi 2 film are correlated. Figure 6 shows the curvature of F/W for the Ni/Ti/Si system with different initial Ti layer thickness Ϫ3, 5, and 10 nm. The samples with 5 and 10 nm thick Ti layers are shifted vertically by 80 and 160 N/m, respectively. As the thickness of the Ti interlayer increases, the temperatures corresponding to the turning points which marked the arrival of the Ni atoms at the Si substrate increase. The temperatures corresponding to the steep valley also increase with increasing Ti interlayer thickness. The temperatures that the NiSi phase can fully accommodate the thermal strain also have the same trend. However, the peaks which signify the formation of the NiSi occur at almost the same temperature for the samples with 5 nm and 10 nm Ti. During the temperature ramping process, the Ti-Si amorphous layer grows as well. For the sample with 3 nm thick Ti interlayer, the Ti layer is completely consumed by the amorphous layer before 359°C. The maximum thickness of the amorphous layer is reported to be 10 nm for the Ti-Si system. 27, 28 For the case of 5 and 10 nm thick Ti, the Ti-Si amorphous layer does not consume all the Ti interlayer even at 375°C. The remaining metallic Ti could react with Ni to form alloy. Therefore, the fact suggests that the major barrier at the interface is the amorphous Ti-Si layer instead of the metallic layer. In all three thicknesses, the transformation temperature for the NiSi to NiSi 2 is also the same. The observation indicates that the Tirelated layer has no apparent effect on the nucleation and growth of the NiSi to NiSi 2 transformation. The NiSi phase has low solubility for the Ti atom to significantly alter the NiSi 2 nucleation barrier. In our X-ray measurements for the Ni/Ti ͑5 nm͒/Si and Ni/Ti ͑10 nm͒/Si systems, no Ni 2 Si was detected. Another observation from Fig. 6 is that the magnitude of the F/W for the nonflat part in the temperature range 450-700°C is not increased significantly with increasing Ti interlayer thickness. The presence of the Ti-related layer on top of the NISi layer could affect the curve of F/W in two ways. The first effect is that thermal stress directly contributed from the Ti-related layer to the whole system, which depends linearly on the thickness of the Ti-related layer. Due to large thickness differences between the NiSi and Ti-related top layer and assuming comparable elastic modulus for both layers, the direct contribution from the Ti-related top layer to the curve of F/W should be small. Secondly, the presence of the Ti-related top layer could alter the kinetics of the relaxation mechanism for the NiSi film, especially some freesurface-related relaxation mechanism. The later effect is less sensitive to the thickness of the Ti-related layer; instead, the effect is sensitive to whether the top layer is in the form of a continuous layer or discrete islands. The results of Fig. 6 suggested that the second effect is the dominant factor for the incomplete stress relaxation of the system.
Conclusions
The reaction sequence could be clearly identified by the abrupt changes of the F/W in the film. The addition of a thin Ti layer was found to act as a diffusion barrier, and the transformation temperature for the NiSi is significantly increased for Ti interlayer thickness smaller than 5 nm. For Ti interlayer thickness greater than 5 nm, the transformation temperature for the NiSi phase was not further increased. The continuous Ti-related layer on the surface inhibited the complete accommodation of the thermal stress of the system. The Ti interlayer significantly improved the epitaxial quality of NiSi 2 on Si͑100͒ substrate with stepwise interfaces. However, the NiSi 2 and Si͑100͒ interface has the stepwise structure bounded by ͑100͒ and ͑111͒ planes.
